By controlled dehydration, the unit cells of dodecamer DNA-drug crystals have been shrunk from 68 000 (normal state) to 60 000 (partially dehydrated intermediate state) to 51 000 Å 3 (fully dehydrated state), beyond which no further solvent loss occurs. The total solvent content in the normal crystals is 40% by volume, reducing to~20% in the fully dehydrated phase. The 25% reduction in cell volume induced a dramatic enhancement in the resolution of the X-ray diffraction data (from 2.6 to beyond 1.5 Å). We have determined the structures of the normal, partially dehydrated and fully dehydrated crystals. Details of the ligand binding have been presented in the preceding article. The present paper describes the unique features of the structure of the fully dehydrated phase. This structure was refined with 9015 unique observed reflections to R = 14.9%, making it one of the most reliable models of B-form DNA available. The crystals exist as infinite polymeric networks, in which neighbouring dodecamer duplexes are crosslinked through phosphate oxygens via direct bonding to magnesium cations. The DNA is packed so tightly that there is essentially only a single layer of solvent between adjacent molecules. The details of the crystal packing, magnesium bridging, DNA hydration and DNA conformation are described and compared with other experimental evidence related to DNA condensation.
INTRODUCTION
The oligonucleotide d(CGCGAATTCGCG) 2 , alone and complexed with DNA-binding ligands, has been extensively studied by X-ray crystallography during the last 18 years (1-6). The crystals diffract poorly, usually only to 2-3 Å resolution, and the data sets consist of~2500 unique reflections. Until recently, attempts to improve the X-ray resolution have not been very successful.
In the early 1980s Dickerson and colleagues prepared crystals of (CGCGAATT Br CGCG) 2 by vapour diffusion at 7°C from 20-35% (v/v) 2-methyl-2,4-pentanediol (MPD) solutions (7) . The crystals proved to be isomorphous with the native DNA. On transferring these crystals to a 60% solution of MPD in distilled water and soaking for several days at 7°C, the crystals underwent a partial dehydration transition that resulted in a reduction of the unit cell volume by 7%. Although this change was relatively small, the detailed structural analysis of this 'MPD-7' structure was significant, as it allowed the authors to derive a number of important properties relating to conformation and hydration of the B-DNA duplex.
In 1998, Shiu et al. reported an improved process for soaking d(CGCGAATTCGCG) 2 dodecamer crystals in concentrated MPD prior to data collection to enhance the diffraction resolution (8) . There was little change in unit cell volume, but they were able to refine the low temperature structure to a resolution of 1.4 Å employing over 11 000 reflections (8) . This structure suggested that many sequence-dependent features of DNA conformation are mediated by site-specific binding of cations. Near atomic resolution (1.1-1.3 Å) dodecamer structures were also reported by Egli et al. in 1999 (9-11) . These studies further probed the roles of cations in DNA conformation and packing interactions. The Shiu and Egli structures were obtained from cryo-cooled crystals and used rotating anode or synchrotron radiation.
We have carried out a series of crystallographic investigations of complexes formed between d(CGCGAATTCGCG) 2 and the iodinated Hoechst ligands 2′-(3-iodophenyl)-5-(4-methyl-1-piperazinyl)-2,5′-bi-benzimidazole (m-iodo Hoechst, IA) and 2′-(3-iodo-4-methoxyphenyl)-5-(4-methyl-1-piperazinyl)-2,5′-bi-benzimidazole (m-iodo, p-methoxy Hoechst, IB), using conventional data collection and structure solution procedures. We then subjected the capillary-mounted crystals of both complexes to dehydrating conditions as described in Materials and Methods of the preceding paper. The crystals shrank slowly as dehydration occurred, until their volume was~75% of the initial size, after which no further dehydration or shrinkage occurred. The X-ray diffraction patterns were monitored at intervals during the dehydration process, revealing that the diffraction resolution improved markedly as the crystals shrank, from~2.6 to beyond 1.5 Å. X-ray structures have been determined for the normal crystals (normal dodecamer crystals in this space group have a solvent content of~40%), intermediate 'partially dehydrated' crystals (solvent content~30%) and the 'fully dehydrated' crystals (solvent content~20%). The high number of reflections per refined parameter for the fully dehydrated crystals makes these structures extremely reliable models of B-form DNA. Remarkably, the 1.5 Å data was collected without the use of synchrotron or even rotating anode radiation sources, but instead using a conventional sealed tube X-ray source of the type used for small molecule crystallography. The preceding companion paper presents all the experimental details and describes iodo Hoechst ligand binding in the normal, partially dehydrated and fully dehydrated crystals. The present paper details the processes that lead to the condensed phase DNA and describes the dodecamer geometry, cation interactions and water structure in the fully dehydrated crystals of the IB complex. The DNA geometry in the analogous IA structure is virtually identical.
MATERIALS AND METHODS
Details of the crystallography, crystal mounting and dehydration, data collection and DNA refinement are described in the preceding article.
RESULTS AND DISCUSSION

Crystal packing and the dehydration mechanism
The fully dehydrated crystals exist as infinite polymeric networks, in which neighbouring dodecamer duplexes are crosslinked by coordinate bonds through magnesium cations. The DNA molecules are packed much closer together than has been found in any previous oligonucleotide structure and there is essentially only a single layer of water molecules between adjacent DNA duplexes. The DNA concentration is comparable to that of condensed DNA in the bacteriophage T4 head (12) . The closeness of the crystal packing and the spatial and molecular rearrangements of the DNA that take place during the dehydration process means that this particular structure can serve as a model for a condensed state of B-DNA.
Normal dodecamer DNA crystals contain~40% by volume of solvent (water, hexa-hydrated magnesium cations and other droplet components). Water molecules either interact electrostatically with partially charged sites on the DNA or else occupy the interduplex interstices as 'liquid' water. We have found that dehydration by gradual loss of water molecules from the crystal lattice is accompanied by substantial rearrangements of the DNA molecules as they pack closer together in order to better fill the resulting interduplex voids. The DNA conformation and groove widths alter markedly in response to the changing intermolecular interactions.
During the transition from the normal to the partially dehydrated lattice, neighbouring duplexes are drawn closer together and we assume that repulsive charges between phosphate backbones are shielded by water molecules and aqueous magnesium cations. As the partially dehydrated crystals slowly lose further water and the duplexes approach even more closely, the magnesium ion activity increases within the crystal. Formation of the fully dehydrated structure cannot occur unless there are more specific intermolecular interactions or improved charge shielding at the closest contact points between the approaching duplexes. Additional attractive forces are provided by two magnesium cations (unambiguously located in the crystal structure) which form intermolecular bridges between DNA phosphate oxygens. These Mg interactions lock the fully dehydrated lattice together and generate the three-dimensional polymeric DNA crystal.
The normal crystals have unit cells with approximate dimensions of 25 × 41 × 66 Å, V = 68 000 Å 3 , whereas those in the fully shrunken phase are approximately 25 × 34 × 61 Å, V = 51 000 Å 3 . During the full shrinkage process the crystals have lost~25% of their volume and half of their normal water content. The extent of dehydration and unit cell shrinkage that has occurred is shown in Figure 1 . The overall crystal packing motif in our normal, partially and fully dehydrated crystals is the same as that found in all previous dodecamer and dodecamer-drug complexes which crystallise in space group P2 1 2 1 2 1 . All contain minor groove-backbone interactions (including intermolecular base pairing) between molecules related by 2 1 symmetry along the c-axial direction. One significant difference in the fully dehydrated crystal structure is the angle between the symmetry-related duplexes. A decrease in this angle from 150°for our normally hydrated crystals to 122°for our fully dehydrated crystals results in extreme shortening of the c-axial length. The more angular packing also allows compaction along the b-axial direction. It has been noted previously that an increase in hydration of normal dodecamer crystals causes an increase in the angle between adjacent molecules (13). Our results follow the same pattern, as the decrease in hydration causes a decrease in this angle.
We have observed that the crystals that shrink most readily to the fully dehydrated state originate from crystallisation droplets containing high initial concentrations of magnesium chloride. Methanol and spermine hydrochloride are also present in the crystallising solutions. Alcohol lowers the dielectric constant of aqueous DNA solutions and promotes divalent cation-induced condensation (14, 15) . Spermine too can cause DNA condensation in aqueous solution (16) and crystal structure determinations have demonstrated that it can induce tight packing of A-form DNA (17) . As far as we can tell from our results, the minor groove-binding ligand plays no significant role in the dehydration process.
DNA parameters of the fully dehydrated structures
The combination of crystal packing effects, magnesium cation interactions and water structure induces unusual and substantial conformational changes in the DNA (Fig. 2) . This is reflected in the root mean square (r.m.s.) deviations in atomic coordinates based on superposition of the central four nucleotides of the fully dehydrated DNA with those of the normal structure. r.m.s. values obtained are 1.38 Å for C1-G4/C21-G24, 0.75 Å for A5-T8/A17-T20 and 2.70 Å for C9-G12/C13-G16. The overall r.m.s. is 1.76 Å.
Crystal structures of normally hydrated d(CGCGAATTCGCG) 2 show a bend (~8°) in the helical axis around the junction of the G4-A5 sequence. In our partially dehydrated crystals and in the MPD-7 structure, this bend is absent (Fig. 2) . The straightening of the helical bend is accompanied by concomitant changes in roll and propeller twist along the helix and through the central AATT region. The conformation adopted by the DNA in the fully dehydrated crystal appears to be an extension of the partial and MPD-7 helical straightening together with additional distortions of the helical backbone.
The DNA analysis programs SCHNAaP (18) and CURVES (19) were used to calculate the various DNA parameters. For the most part, the DNA in the fully dehydrated structures has standard base pair and helical parameters (20) . Traditional base pairing and stacking interactions are retained throughout the structure and backbone torsion angles are within the normal range for B-DNA (21), except those around C3. Plots of χ versus δ, ε versus ζ and δ versus ζ (as described by Fratini et al.; 7) also show clear B-DNA characteristics, as do the intrastrand P-P distances as described by the SCHNAaP parameter Zp.
Although the individual backbone torsion angles are within the normal range, the combined effects of small deviations along the helix result in an unusual structure, especially near the ends of the helix where crystal packing interactions are most pronounced. Some of the phosphates swivel, resulting in conformational changes from B I to B II . In normal B-DNA, the backbone ε and ζ values are on average paired into two states, B I (trans, -gauche), and B II (-gauche, trans). In the B II state, the sugar pucker is strongly restricted to C2′-endo (δ = 144°) or C3′-exo (δ = 158°) values. A change from B I to B II is often accompanied by a narrowing of the minor groove as the phosphate group swivels into the mouth of the groove. The B I state is the most common in B-DNA, but there is little energy difference between the two states. The present fully dehydrated structure contains an unusually high number of B II backbone conformations, noticeable at C9, G10, G16 and C23 and to a lesser extent at G2.
The region around the C3 residue shows the most deviation from standard B-DNA parameters. Here, the α, β and γ backbone torsions (125°, 130°and 174°, respectively) are highly unusual compared to the other residues within the structure and to most other B-DNAs (20, 21) . The parameters λ I and II (the C1′-C1′-N9 and C1′-C1′-N1 virtual valence angles) are good indicators of how well base pairs fit standard Watson-Crick geometry. Ideal values are in the range 54-56°and are symmetrical for λ I and II. In the fully dehydrated structure, λ I and II are noticeably asymmetric at the C3·G22 base pair with values of 62°and 56°, respectively. The partially and fully dehydrated structures are compared in the vicinity of the C3 residues in Figure 3 . The backbone distortions of the fully dehydrated DNA result from a combination of interduplex DNA-DNA contacts, pushing the C1-C3 region downwards, and from DNA-magnesium interactions. The torsion angles of the strand backbone are transmitted through the sugar (which has tilted to the right in Fig. 3) to the C3 base, resulting in the non-standard C3·G22 base pair geometry. Base pair stacking along strand 1 between C3 and C1 is maintained and the G2·C23 and C1·G24 base pairs retain standard Watson-Crick geometry. Similar backbone movements are seen at the other end of the helix with large shifts in the positions of the terminal bases. These shifts can be traced back to the C9·G16 region where B I to B II transitions occur.
Another unusual feature of the DNA duplex in the fully dehydrated crystal is the large value of opening for the two base pairs A6·T19 and T7·A18 (20°and 12°, respectively). It is difficult to isolate a single cause for these large values. It is likely that they result from a combination of the narrow minor groove and deep binding of the ligand. Similarly, propeller twists for A6·T19, T7·A18 and T8·A17 are very high (21°, 26°a nd 24°, respectively). The ligand hydrogen bonding to A6 N3, T7 O2, T19 O2 and T20 O2 in the floor of the minor groove (see preceding article) almost certainly causes some of this effect. The high propeller twist at the T8·A17 base pair may be a requirement for maintaining base stacking with the previous two base pairs. Conformational changes resulting from the coordinative magnesium binding to phosphates of T19 and T20 complicate the analysis.
The groove widths of B-DNA are an important and revealing parameter. Normally, the binding of a minor groove ligand causes an increase in minor groove width over the narrow central binding site, when compared to unliganded DNA. However, in the present crystals, the minor groove width is independent of the complexed ligand and is instead a consequence of the backbone distortions that result from the unusual crystal packing. Magnesium binding plays a key role in this, as is discussed in the following section. A plot of minor groove width based on P-P distances (see figure 3 of the preceding article) shows significant widening at the 3′-end of the AATT tract and narrowing at the 5′-end, when compared to the normally hydrated DNA. The major groove (not shown) has only small differences in width between the three hydration states, even though there is significant intrusion of symmetryrelated DNA backbones into this groove in the fully dehydrated structure. These intrusions are accommodated easily within the wide major groove with minimal backbone deformation and without widening of the groove.
Effects of magnesium binding on DNA conformation in the fully dehydrated structures
The asymmetric unit of the structure contains two crystallographically distinct magnesium cations (Fig. 4) . The first, Mg 26, forms an inner sphere coordination complex with two phosphate oxygens of symmetry-related DNA molecules. The bonds lengths are 2.1 and 2.0 Å for bonds to 12 O1P and #20 O1P [x + ½, 1½ -y, -z] respectively. The magnesium adopts an octahedral geometry in which phosphate oxygens are situated trans and the remaining four coordination sites are filled with water molecules. The distance between 12 O1P and #20 O1P is only 4.2 Å and so the magnesium plays an essential role in shielding the two negative charges and allowing the two duplexes to come close together at that point. The second magnesium, Mg 27, also forms an inner sphere complex, but to three different symmetry-related DNA molecules, 10 O2P (2.1 Å), #19 O1P [x + ½, 1½ -y, -z] (2.0 Å) and #23 O1P [½ -x, 1 -y, z -½] (2.3 Å). This octahedral coordination geometry is more distorted than that of Mg 26. The phosphate oxygens are in a facial arrangement, with three water molecules occupying the remaining coordination sites. This magnesium also shields the negative phosphate charges, as distances between the facial phosphate oxygens are only 3.0-3.5 Å. Figure 5a shows how the magnesium interactions 'pull' the DNA backbone in various directions and cause the large deviations in DNA conformation from that of the normal structure. There is a strong correlation between magnesium binding and minor groove width. The groove is very narrow at the top end of the duplex where Mg 26a crosslinks the minor groove by hydrogen bonding to phosphates of A5 and G24 (Fig. 5b) . At the opposite end of the duplex, Mg 27b bonds directly to the phosphate on T19 while Mg 27c bonds directly to the phosphate on G10 of the second strand. The effect of these two Mg 27 interactions is to pull open the minor groove in the vicinity of the IB ligand piperazine group (Fig. 5c ).
Water structure in the fully dehydrated DNA
The first real evidence that hydration impacts strongly on DNA structure came from the initial X-ray diffraction studies of DNA fibres, when Franklin and Gosling found different diffraction patterns depending on the relative humidity (22) . The term 'economy of hydration' was coined by Saenger et al. to describe the different hydration patterns and the relationship between hydration and DNA conformation (23) . In high humidities, the phosphate groups are fully and individually hydrated and B-DNA predominates. If the water activity is reduced, water bridges form between phosphate groups and the hydration is deemed more economical. The phosphates move closer together, which greatly influences sugar puckers and the overall DNA conformation. The more economical hydration in A-and Z-DNA is the underlying cause of the B→A and B→Z transitions.
The differences in the P-P distances between adjacent phosphates is a reflection of the economy of hydration. For our fully dehydrated structure, the average distance between adjacent phosphorus atoms is 6.8 Å, which is typical of B-form DNA. However, the water content of the fully dehydrated crystals is exceptionally low and thus the economy of hydration is far higher than in the normally hydrated B-DNA state. This is achieved by a spectacular increase in the number of interduplex bridging interactions between water molecules and symmetry-related DNA molecules (Table 1) . These waters, which shield the repulsive interactions between phosphate backbones, comprise~19% of the total water molecules in the crystal (compared with~3% in normal hydration structures). In this way, phosphates of adjacent nucleotides within the same DNA strand are not required to approach closely and the normal B-DNA conformation is retained. The restraints of crystal packing probably preclude major changes in conformation (such as a B→A-form transition) as the preformed crystals dehydrate. The hydration at the phosphate groups is conserved, but there is less hydration of the DNA bases.
The magnesium cations effectively block water molecules from approaching 20% of the phosphate groups. Because of their positive charges and coordinate interactions with the Figure 4 . Mg 26 (top) and Mg 27 (bottom) in the fully dehydrated IB structure are drawn overlaid with a 2F o -F c map calculated without phasing from the magnesiums. Mg 26 coordinates two symmetry-related phosphate oxygens in a trans arrangement and has a regular octahedral geometry. Mg 27 forms coordinate bonds to three symmetry-related phosphate oxygens in a facial arrangement, resulting in a distorted octahedral geometry. Electron density is drawn at the 1.5σ level using TURBO (42) . The quality of the electron density map is indicative of the high resolution of the data collected from the fully dehydrated crystals. Symmetry-related residues are labeled with a # symbol. Unique reflections for refinement 13 095 11 438 10 031
No. of water molecules located 135 160 48
Average intrastrand P-P distance (Å) 6.0 6.7 6.8
1 water intrastrand P-W-P bridge 6 0 0
Intrastrand P-P gaps bridged by one water (%) 22 0 0 1 water intermolecular P-W-P bridge 6 5 9
Waters in intermolecular P-W-P (%) 4 3 19 DNA, the magnesium cations exert a far greater stabilising effect on the DNA structure and crystal packing than would water molecules similarly located. However, these magnesium cations alone are not sufficient to balance the 22 negative charges on each duplex. It seems probable that some of the bridging water molecules, particularly those making short contacts and with high coordination numbers, are in fact cations at partial occupancy. While it might appear that relatively few water molecules have been located in the fully dehydrated structure, this is not a measure of the data quality but an indication of the extreme dehydration of this crystal.
Biological implications of the fully dehydrated structure
DNA condensation is a complex but vitally important biological process. Recent interest has been directed at the role of multivalent cations (24, 25) , packaging of DNA in bacteriophage (12, 26) and viruses (27) , and chromatin condensation (28) . There is anticipation that condensation in vitro could provide a novel and practical mechanism for packaging DNA into cationic liposomes for delivery as gene therapy agents in vivo (29) .
Crystalline DNA, like condensed DNA, exists in an intermediate stage between the solid and solution states and thus crystal packing in oligonucleotide structures could show structural similarities to condensed DNA in vivo. Dodecanucleotide structures which crystallise in space group R3 have previously been compared to the structure of condensed DNA (30) (31) (32) . The crystal structures showed an interlocking groove-backbone interaction where sections of the DNA backbone of one helix invaded the major groove of other symmetry-related helices. These crystal packing interactions demonstrated that the selffitting properties of B-DNA can influence DNA condensation and recombination processes.
In our fully dehydrated crystals in space group P2 1 2 1 2 1 , the DNA backbones intrude into the major grooves of symmetryrelated DNA duplexes. While these backbone intrusions are not deep and do not cause base pair melting, they do demonstrate one way in which B-DNA chains may coalesce into a more condensed state.
The groove-backbone interactions in the fully dehydrated structure are geometrically different from the R3 structures (where the DNA helices cross each other at an angle) because the DNA duplexes in P2 1 2 1 2 1 structures are lined up approximately parallel to each other. Yet, magnesium cations play an integral role in the self-fitting process in both of these structures. The groove-backbone interactions in the R3 structure are mediated by bridging hexa-hydrated magnesium cations and there is a strict requirement for at least 16 magnesium cations per oligonucleotide in order to obtain well-diffracting crystals (30) . The fully dehydrated structure has demonstrated that coordinative magnesium bridging can deform the DNA backbone, neutralise charge repulsion and stabilise a three-dimensional network structure, and in doing so, allow the DNA to coalesce into a highly condensed state.
Hydration plays an integral role in DNA condensation in vitro and in vivo. There is evidence that the various polyvalent ligands that induce DNA condensation act by reconfiguring the water between macromolecule surfaces to create long range attractive hydration forces (33) . As DNA condensation progresses, water molecules surrounding the DNA must rearrange. Our results show that the B-form conformation can be retained in the condensed state by preferential hydration of the charged phosphate groups (over the base and sugar moieties) and by sharing of water networks between phosphates widely separated in sequence.
DNA condensation processes in vivo are mediated by multivalent metal cations, polyamines such as spermine and by proteins. Yet even in some protein-induced condensation experiments, the size and morphology of the condensates is dependent on the ratio of positive to negative charges and the ionic strength of the surrounding medium, and is independent of the DNA or protein (34) . Magnesium cations have been shown to enhance the side-by-side association of DNA segments (35, 36) and to cause aggregation of melted DNA by forming crosslinks (37) . The aggregation studies did not define an explicit role for the divalent cations studied yet determined that crosslinking results in a strongly stabilising free energy. Our observation of interduplex magnesium bridging indicates that the role of divalent cations in DNA condensation may be more important and diverse than previously thought, and we recommend that this be taken into consideration in designing and interpreting future experimental studies.
Dehydrated crystals are of particular interest in the field of DNA radiation chemistry, where it has been found that the yield of radical species in irradiated DNA (38) and the product profile (39) is dependent on the extent of hydration, with data available for Γ values (number of water molecules per DNA base pair) of a few to >20. Most of these studies have used DNA preparations extracted from biological material, but experiments have also been carried out using crystals of synthetic oligodeoxynucleotides (40) . One aim of such experiments is to study systems at varying degrees of hydration (W.A.Bernhard, personal communication) and in this context the fully dehydrated crystal structures outlined in this paper could be of considerable interest.
